In recent years, the interest and potential applications of pedestrian indoor navigation solutions have significantly increased. Whereas the majority of mobile indoor navigation aid solutions visualize navigational information on mobile screens, the present study investigates the effectiveness of a mobile projector-based navigation aid that directly projects navigational information into the environment. A benchmark evaluation of the mobile projector-based indoor navigation interface was carried out, investigating a combination of different navigation devices (mobile projector vs. mobile screen) and navigation information (map vs. arrow) as well as the impact of users' spatial abilities. Results showed the superiority of the mobile screen as a navigation aid and the map as a navigation information type. Especially users with low spatial abilities benefited from this combination in their navigation performance and acceptance. Potential application scenarios and design implications for novel indoor navigation interfaces are derived from our findings.
INTRODUCTION
While outdoor navigation is already widely used for car and pedestrian navigation, the development and usage of indoor navigation devices is still in its infancy. Owing to rapid technical developments in areas of localization technologies, mobile devices, display technologies and data transfer rate, the interest in indoor navigation aids has considerably increased (May et al., 2003) .
Moreover, the increased availability of handheld devices such as personal digital assistants or smart phones allows for a mobile use of navigation systems by 'everyone'. Indoor navigation systems can provide navigation support in a broad range of application scenarios, e.g. in tourism navigation systems can support travelers in finding sights or other points of interest (POIs); in rescue services navigation systems offer help in tracking lost persons or supporting the paramedics in quickly finding the way to a patient in a house, as well as individual navigational aid, where people with specific needs (e.g. physical or visual impairment) are guided to their destination (Millonig and Schechtner, 2007) . A concept sketch of mobile projector-based navigation interfaces. In the map mode (top), the circle indicates the user's current position and the dashed line represents the route to the destination. When the position gets updated, the circle and dashed line are refreshed as well. In the arrow mode (bottom), the arrow shows which way to go. When the user reaches a turning point, the arrow will rotate and point to the correct way.
The majority of mobile indoor navigation aid solutions visualize navigational information on a mobile screen (e.g. Arikawa et al., 2007; Serra et al., 2010) . However, in recent years, miniaturization introduced compact mobile projectors (so-called pico projectors) to the market which show a high application potential in the context of mobile navigation. Traditional applications of projectors were restricted by a fixed installation with very limited mobility due to constraints of physical size and power supply (Pinhanez, 2001; Rukzio et al., 2005) . In contrast, pico projectors can be used as a mobile personal device in the navigation context either as an add-on to standard, handheld devices or integrated into smart devices (Wecker et al., 2011; Winkler et al., 2011) . Combined with indoor localization techniques (Link et al., 2013; Nokia, 2010) , projector-based navigation systems can augment the environment with route information, turn-by-turn instructions, POI, etc. Compared with mobile screen-based navigation interfaces (e.g. a 2D map on a smart phone screen), the projector directly projects the navigation information into the environment so that there is no need to switch attention between the screen and the real world (Fig. 1) . Moreover, instead of displaying information on a small (e.g. 3.5 inch) screen, pico projectors can enlarge content up to tens of inches on an arbitrary surface which enables group sharing navigation and helps users with eyesight issues.
Apart from technical reliability of navigation systems and quality of navigation information, a key prerequisite in designing successful indoor navigation systems is the consideration of individual user demands and perceptions. The risk of market failure is high as long as user factors and acceptance issues are not adequately considered in system design and users do not perceive the usefulness or benefits of a system (Kuniavsky, 2010) . Although pedestrian navigation systems in general and, more specifically, the use of projectors for a public display of Evaluation of a Mobile Projector-Based Indoor Navigation Interface 3 navigation information have been discussed and researched in recent years (Goodman et al., 2005; Rukzio et al., 2005; Wecker et al., 2011; Winkler et al., 2011) , individual user factors such as spatial abilities as well as end-users' acceptance of indoor navigators were not systematically included and evaluated (Downs and Stea, 2011; Hegarty et al., 2006) .
One of the most relevant user factors in the context of navigation is the users' spatial abilities (Dillon and Morris, 1996; Downs and Stea, 2011; Hegarty et al., 2006; Rau and Wang, 2003) . Navigation systems provide spatial information (e.g. map and routes) to a user who has to be able to understand and correctly apply the given information during wayfinding. However, people with low spatial abilities often experience problems with orientation and understanding spatial information (Pak et al., 2008) . Therefore, the design of navigation systems has to provide users of different spatial ability proper navigation information.
PEDESTRIAN INDOOR NAVIGATION TECHNOLOGY
In recent years, companies and organizations began collecting and providing indoor map and route information, e.g. Google indoor navigation and OpenStreetMap indoor mapping. The indoor localization service can be provided by various techniques (Link et al., 2013; Nokia, 2010) . In this paper, we focus on the research of the mobile projector-based navigational interface. The indoor position is provided by manual localization. The proposed interface can be combined with existing indoor positioning techniques to achieve realistic navigation solutions. An overview of personal projector applications for pervasive computing is given by Rukzio et al. (2005) in their survey in which projector-based navigation belongs to the category of augmented reality (AR). Winkler et al. (2011) proposed the concept of indoor navigation for shopping malls through a mobile projector. Wecker et al. (2011) introduced Pathlight for in-museum navigation using a handheld projector. The turnby-turn instructions were given by projecting landmark photos augmented with directional arrows. Several research challenges were listed to be answered, e.g. user acceptance, preferred projection surface, visibility, etc. The concept of using a mobile projector for indoor navigation was introduced or prototyped in these publications, but this novel interface has not been formally evaluated: e.g. how does its performance compare to a mobile display-based navigation interface, and how well do users perform in finding their way?
Some other researchers proposed to use a fixed projector to display navigational information. Pinhanez (2001) presented an everywhere display projector, which used a fixed projector and rotating mirror to overlay information on different surfaces of an environment. Rukzio et al. (2005) presented a public projection-based mobile navigation approach. A public projector displayed a rotating arrow on the floor at an intersection. When the arrow pointed to the direction a user has to follow, the mobile device of the corresponding user would vibrate indicating that was his/her way. Compared with these approaches, our prototype utilizes a mobile projector that does not require hardware installation and can be carried easily. Therefore, it is more flexible and easier to deploy.
SPATIAL COGNITION AND INDIVIDUAL DIFFERENCES IN NAVIGATION
Wayfinding refers to the orientation in physical spaces and to the navigation from a point origin to a specific destination (Hunt and Waller, 1999; Lynch, 1960) . It is one of the very basic daily activities humans have had to perform since the beginning of mankind. People differ largely in their wayfinding abilities, i.e. they either successfully reach their destination on the most direct way or they get lost and have to make detours to reach their destination. By the use of computer-based navigation aids, wayfinding activities can be facilitated enormously. To design effective and useful navigation aids, the characteristics of human wayfinding abilities and underlying spatial cognition processes have to be considered (Ziefle, 2010) .
Wayfinding is not only a physical motion in an environment but also a highly complex cognitive process. Spatial cognition approaches assume that wayfinding is based on an individual's spatial representation ('cognitive map') of a real or a virtual environment. Hence, people use cognitive representations of their spatial environment to guide wayfinding. Cognitive maps, which were first described and defined in the 1940s by Tolman (1948) , encompass several types of spatial knowledge (Downs and Stea, 2011; Lynch, 1960; Werner et al., 1997) , i.e. landmark knowledge (knowledge about prominent reference points), procedural route knowledge (connection paths between landmarks) and survey knowledge (the 'big picture' of the environment).
One of the most important cognitive abilities related to spatial knowledge (the knowledge and internal or cognitive representation of the structure, entities and relations of space) are spatial abilities that are defined as the ability to manipulate and organize objects in space (Downs and Stea, 2011; Hegarty et al., 2006) . People with high spatial abilities are able to effectively and efficiently visualize spatial environments and build an elaborate cognitive map that enables them to achieve a higher navigational performance (Dillon and Morris, 1996; Kirasic, 2000; McGee, 1979; Rau and Wang, 2003) . In contrast, people with low spatial abilities build up and use less efficient cognitive maps. They face higher disorientation problems when they navigate through novel or complex spatial environments because their cognitive map is neither sufficient nor elaborate enough. Technical navigation aid solutions might be beneficial, especially in these cases.
The acquisition of spatial knowledge happens not only via direct environmental exposure but can also be based on secondary sources such as route descriptions or maps. A map contains spatial characteristics of the environment, 4 Ming Li et al. which support the construction of a cognitive map by the wayfinder. The map, whose effectiveness was confirmed in many empirical studies (e.g. Dee-Lucas, 1996; Thorndyke and Hayes-Roth, 1982; Ziefle and Bay, 2006) , is a firmly established presentation format for spatial navigation information in real environments as well as in computer menus. On the other hand, maps are not always beneficial for navigation because some users-especially older users or those with lower spatial abilities-are not capable of processing, transforming and transferring the spatial information given in the map to their own navigation route (Goodman et al., 2005; Rau and Wang, 2003) . In these cases, landmark or route information was found to be the optimal navigation aid. Especially pedestrian navigation requires different formats of navigational information (Goodman et al., 2004a,b; May et al., 2003) .
Interestingly, within the research field of pedestrian indoor navigation aids, the impact of individual differences, especially in cognitive abilities, has not yet been systematically studied. Although indoor and pedestrian navigation aid solutions exist for specific user groups with special needs, such as visually impaired people (Bousbia-salah and Fezari, 2006) or older users (Goodman et al., 2005) , a systematic inclusion of relevant user factors such as spatial abilities is still missing. Research in the field of navigation in data structures (menus or hypertext) has shown that users with low spatial abilities face more problems in acquiring navigational skills and interacting with computers (Arning and Ziefle, 2009; Goodman et al., 2005; Rau and Wang, 2003; Ziefle et al., 2007) . Moreover, they require specifically designed navigation aids (e.g. help functions or tutorials) that compensate for problems in perceiving, transforming and applying spatial information (Rau and Wang, 2003; Ziefle and Bay, 2006) . Therefore, we include spatial abilities as an individual user factor in the context of pedestrian indoor navigation interaction with navigation performance (n.s.) and user perceptions in the present study.
TECHNOLOGY ACCEPTANCE OF NAVIGATION DEVICES
Technology acceptance research seeks to explain and predict the perception and adoption of technologies by end-users. Established technology acceptance theories, such as the Technology Acceptance Model (TAM) (Davis, 1989) or the Unified Theory of Acceptance and Use of Technology (Goldin and Thorndyke, 1981) , primarily focus on job-related usage of information and communication technologies (ICTs). Since technology acceptance is highly context-specific (Arning et al., 2010) , existing knowledge from ICT-related technology acceptance research or the well-studied car navigation context cannot be easily transferred to the indoor or pedestrian navigation context (Dillon and Morris, 1996) . Moreover, end-user perceptions of indoor navigation systems have not been systematically and empirically evaluated so far.
Studies focusing on acceptance of navigation aids primarily focused on general satisfaction, ease of use and the perceived usefulness of a technology. Heinroth and Buehler assessed the usefulness, ease of use in handling the device, convenience and willingness to utilize a speech-based pedestrian navigation system (Arning and Ziefle, 2009 ). Rukzio et al. (2005) assessed disorientation events, usability, satisfaction and workload in the evaluation of a 'rotating compass', a public display technique.
As of yet, however, no comprehensive assessment of the acceptance of navigation aids and projectors as a display medium has been carried out, covering aspects such as privacy, trust and disorientation. Since the projection is not only visible to the user but also to other people at the same location, privacy concerns are a serious issue that should be adequately addressed. Greaves et al. (2009) reported a study about the social impact and privacy concerns regarding the usage of mobile projectors in public spaces. In the NAVITIME study, in which mobile-phone-based navigation and other location-based services were evaluated, users perceived disorientation when using the device but the sample size (n = 2) was too small to interpret and generalize this finding (Adams et al., 1992) . The assessment of a broader range of user perceptions in this study will allow determining the most relevant factors contributing to acceptance. These factors should then be addressed as a starting point or fulcrum in subsequent design activities because they are the major influential factors of the end-users' acceptance.
METHODOLOGY

Research approach
Overall, three main research questions have been guiding this study:
(1) Which navigation device and which type of navigation information are the most effective and most accepted for indoor pedestrian navigation? As a mobile projector has been rarely used for indoor navigation purposes before, we wanted to conduct a benchmark evaluation to test the usefulness of this novel interface (based on a mobile projector) against a conventional navigation interface (based on a mobile display). (2) How does the users' spatial ability affect their n.s. and perceived usefulness? Which combination of navigation device and information type is the most beneficial for users with low spatial abilities? (3) What are major influential factors on n.s. and enduser perceptions of indoor navigation devices? As the interaction with the mobile projector might be affected by confounding factors such as visibility problems due to changing light conditions, trust and privacy concerns, the wayfinding performance and the acceptance of the projector as a navigation aid might be lower than that of the mobile display.
Experimental design
In the present study, we aimed for an evaluation of participants' wayfinding performance. Two independent variables were examined. The first was the navigation device, comparing mobile projector vs. mobile screen navigation. The second independent variable addressed two different types of navigation information (map vs. arrow). These two types are described in more detail in the following section. To investigate learning effects, participants had to accomplish two routes for each condition of navigation device and information type. Accordingly, the study is based on a 2 (navigation aid) × 2 (information type) × 2 (learnability)-factorial-within-design.
The following conditions were accomplished by each participant: C1: map, screen; C2: arrow, screen; C3: map, projector and C4: arrow, projector. The order of conditions was balanced. As navigation and wayfinding performance are strongly influenced by users' spatial abilities (Rau and Wang, 2003) , participants' spatial visualization ability was assessed and treated as a between-subject variable.
Independent variables
Navigation devices
Two navigation display devices were compared: a mobile screen and a mobile projector. The mobile screen is widely used to display digital maps, virtual guides (Google Street View) and AR navigation (Mulloni et al., 2011) . The legibility is less affected by the light condition for indoor scenarios. Moreover, as a personal display, the screen content is only viewable to users, therefore privacy concerns concerning the displayed content might be less pronounced than when displaying the information with a projector. Compared with a mobile projector, its output space is limited by screen size. In non-AR navigation solutions, users have to frequently switch visual attention between the display and the real world. In mobile screen-based AR solutions, although the video-see-through interface enables environment awareness, it is still restricted by the camera's field of view and its viewing direction (e.g. pointing the camera in the direction one is heading to). When the mobile projector is used forAR purposes, it requires an adaptation to the presentation surface, i.e. pre-warping the image for distortion-free projection. Tajimi et al. (2010) applied a stabilization approach for floor projection with a hip-mounted projector. To improve the viewability of the projected content during the user's walking, a tilting sensor was used to detect and compensate the motion of the projector. We utilize a similar approach to deliver a distortion-free projection. The projected images (map/arrow) are pre-warped with reference to the device motion measured by a gyroscope and accelerometer (Fig. 2) . The projector output data are measured in advance to create an identical projection matrix for each rendering. The additional transformation applied to the rendered geometry consists of three rotation matrices based on the angle pitch, roll and the heading direction (deviation from the current route):
To keep the image projection a uniform size, like a physically realistic pattern printed in the real environment, we can compensate the size by extra scale matrices depending on the tilting angles: M = R roll R pitch R heading S roll S pitch .
Navigation information
Spatial knowledge representation is based on the combination of landmark, route and survey knowledge (Goldin and Thorndyke, 1981) . In our study, we contrasted two types of spatial navigation information, a map and an arrow (Fig. 3) .
The first type of spatial navigation information was a map that provided-at least for the visible display window-survey knowledge. According to spatial cognition theories, survey knowledge is the most elaborate type of spatial knowledge. It supports the construction of an adequate mental representation of an environment which can be used for route planning, wayfinding and the development of alternative routes in case of getting lost (Kim and Hirtle, 1995) .
The second type of spatial navigation information was an arrow that was orientation-sensitive and gave timely information about which direction to take. With regard to spatial knowledge theories, the arrow provided a reduced amount of route knowledge (without landmark information or route overview). However, in the context of indoor navigation, we assume that the orientation-sensitive arrow would free users from spatially representing the environment, as they would only have to follow the location-adaptive arrow orientation. This location-adaptive orientation of the arrow allows one to overcome the main disadvantage of route information: in case of disorientation and getting lost, no constructive navigation information to return to the correct route is available. In contrast, the location-adaptive arrow gives information about the correct navigation direction even if the user deviates from the correct route.
Both types of navigation information utilized the integrated magnetometer to detect the heading direction and align the image to the current orientation. In our prototype setup, the indoor position was given by a manual localization method in which the experimenter followed the participant and sent location updates from a host device to the participant's navigation aid via a portable wireless network.
Hardware
We implemented the navigation prototype on an iOS platform. We used a SAMSUNG SP-H03 Pico Projector (30 ANSI Lumens) connected to an iPhone4 via VGA cable (Fig. 4) . The heading direction and the device motion were taken from the integrated sensors of the iPhone4. In C1 and C2, the participant held the iPhone4 as the navigator and the navigation information was displayed on the screen. In C3 and C4, the participant held the hardware as pictured in Fig. 4 and the information was projected to the floor or other surfaces that they preferred. 
Experimental setup
The testing area was on the university campus. Based on the floor plans of the selected buildings, the map was created as an overlay to a standard Google map view. As a within-subject design was used, every participant had to go through all routes using different navigation aids accordingly. In Fig. 5 , samples of the selected routes are presented.
To evaluate the learnability of using the navigation aids, each route contained two sub-routes, A and B. The complexity of all routes (route length, number of junctions and branches) was comparable ( Table 1) .
The illumination on these routes was comparable as well (mainly daylight lamps). To rule out learning effects, routes Every lobby that has more than two branches counts for one junction. Every staircase in a lobby counts for one branch. Every elevator counts for one branch.
were selected from different buildings. Sequence effects were eliminated by balancing the order of the navigation aids. During the planning phase of the experiment, we tried to select longer routes in the testing area. However, the projection legibility on such routes varied from time to time due to changing light conditions (e.g. sunlight through windows) and floor properties, and therefore longer routes were not used in this study.
Dependent variables
As dependent variables, we assessed three categories of variables: (i) n.s., (ii) end-user perceptions and workload and (iii) effects of spatial abilities on n.s. and user perceptions.
Navigation performance
Participants' wayfinding performance was evaluated by the percentage preferred walking speed (PPWS), which reflects the extent to which the use of the navigation aid disrupts normal walking (Goodman et al., 2004a,b) . Assessing individual baselines, the participants were asked to walk a predefined distance at their normal indoor walking speed prior to the experiment. The preferred walking speed (PWS) of each participant was calculated by the distance and completion time. In the test, their actual walking speed (AWS) was compared 8
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User perceptions
End-user perceptions (described below in alphabetical order) were collected via subjective ratings. Participants had to indicate their answers on a six-point Likert Scale (1 = strongly disagree, 6 = strongly agree). Item examples are given in brackets.
Disorientation. Navigation devices support building up a mental representation of the environment (Goodman et al., 2005) , e.g. knowing where to be. Participants had to rate their perceived disorientation ('I had difficulties orienting myself in the building.').
Legibility. As the legibility of the navigation information might be influenced by lighting conditions, we assessed the legibility of the projected or displayed navigation information ('The map was always legible on the display.').
Preference. Participants had to rate their preferred way of information presentation on the navigation devices.
Privacy. Participants were requested to rate the perceived privacy during the 'public' projection of navigation information ('I felt uncomfortable when other people saw me using a navigation system.') (Goodman et al., 2005) .
Satisfaction. The general satisfaction using the navigation device was immediately assessed after route completion and was taken as an indicator for acceptance ('How did you like the navigation during the last navigation task?').
Trust. As the perceived reliability of the given navigation information is of great importance for the users' trust and acceptance (Fox, 1996) , we assessed trust during navigation ('I could trust the information of the navigation system on my way.').
Usefulness. For the assessment of perceived usefulness ('With the navigation system I reached my destination faster.'), a shortened version of the original items of the TAM (Davis, 1989) was used.
Workload. To evaluate the perceived workload of each condition, participants had to answer the standard NASA-TLX questionnaire (Hart and Staveland, 1988) . The NASA TLX questionnaire assesses the perceived workload on six different subscales: Mental Demand, Physical Demand, Temporal Demand, Performance, Effort and Frustration. After each condition, participants rated the six subscales (e.g. 'How much mental and perceptual activity was required?') on a scale ranging from 0 to 100. Finally participants had to weigh which dimensions contributed most (and least) to the workload they experienced during navigation. Thus, the average of the six ratings after each condition, weighted to reflect the contribution of each dimension, formed an integrated measure of the overall workload of each navigation aid condition.
Spatial abilities
To measure spatial ability, participants completed a spatial visualization test taken from the Kit of Factor-Referenced Cognitive Tests (Paperfolding test, Ekstrom et al., 1976) . In this 2D spatial task, 20 items were presented that show the illustration of a sheet of paper, which is then folded several times and finally punched. Participants had to select one of five drawings to show how the punched sheet would appear after completely unfolding the paper. To correct for guessing, the total score was calculated by: Score = Nright − Nwrong/N − 1. Even though the paperfolding test is a widely used and validated ability test in the field of human-computer interaction (e.g. Dillon and Watson, 1996; Evans and Simkin, 1989; Hegarty et al., 2003) , it does not provide normative data. In a previous experimental study (Bay and Ziefle, 2003) , it was controlled that the paperfolding measures the same sub-abilities than other standardized spatial tests, therefore we relied on the paper folding test to assess participants' spatial abilities in this research. The outcomes of the spatial tests are completely in line with outcomes of other studies examining users of the same age range.
The maximum score to be reached was 20. For further analyses, two groups with low and high spatial abilities were formed by median-splitting the spatial-ability scores.
Procedure
In the beginning of the experiment, we first measured the participants' PWS and spatial visualization ability. A short tutorial was given to teach the participants how to use the navigation aids. The participants were told to freely explore suitable projection surfaces. After the tutorial, the participants were led to the starting point of one testing route by the experimenter. They had to walk to a given destination, following the navigation instructions presented on the navigation device. To remove the influence of area familiarity, the participant was not informed about the location of the destination in advance. The sequence of test routes was fixed for each participant for experimental control reasons. The completion time of every route was recorded on the navigator to compute the AWS. When the participants reached the destination of each route, they rated the perceived workload (NASA-TLX) and completed a post-condition questionnaire containing acceptance items. The participants had to go through four different routes and, at the end, fill out a post-experiment questionnaire. The overall duration of one study was about 1 hour and 30 min.
Sample
A total of 24 participants, 19 women and 5 men, aged between 21 and 28 (M = 23.5; SD = 2.3) took part in the study. Regarding the recruitment of participants, a 'benchmark procedure' was pursued. We wanted to evaluate the mobile projector in a 'best-case' user group, i.e. a young, cognitively fit, technology-experienced sample. Since we aimed for a comparative benchmark evaluation between the rather novel projection-based navigation system and the established mobile screen navigation interface, we wanted to control for effects of cognitive aging or differing sociotechnical backgrounds. Therefore, participants were mostly students of a technical university whose participation fulfilled a course requirement. The majority of the participants (79%) were completely unfamiliar with the testing location. Statistical analysis showed that familiarity with the testing location had no effects on n.s. While the participants reported experience with the use of smart phones, they were all novices regarding the use of mobile projectors. Also, the participants had very limited experience using the broad range of navigation technologies (e.g. in-vehicle navigator or geocaching). The participants reported minor difficulties to orient themselves in foreign cities, but no difficulties were mentioned when in cities they were familiar with. Assessing spatial ability revealed a heterogeneous distribution (M = 9.4 points of 20; SD = 3.8). Participants were divided into two groups of low and high spatial ability using a median split (MD = 8.8). In contrast to other studies (Arning and Ziefle, 2007; Ziefle and Bay, 2006) focusing on gender differences in spatial abilities in older adults, the young female and male participants did not differ significantly regarding their spatial abilities.
Statistical analysis
Data were analyzed by ANOVAs with repeated measurement. The significance level was set at 5%. The significance of the omnibus F-Tests in the MANOVA analyses was taken from Pillai values. Greenhouse-Geisser corrected degrees of freedom and P -values were used whenever the sphericity assumption was violated. As a measure of effect size, partial eta-squared (η 2 ) is reported. Non-parametric tests were used to test main effects of subjective ratings before ANOVAs were applied.
RESULTS
6.1. Effects of navigation device, information type and learnability on n.s.
Significant main effects were found in a 2 × 2 × 2 ANOVA (repeated measurement) with the factors navigation device, information type and learnability on n.s. Users' n. No interactions between the factors were found. Summarizing so far, users showed the best wayfinding performance, i.e. less deviations of their normal walking speed, when they used the map which was displayed on the screen (M map,screen = 0.91, SD = 0.92). The worst performance was found for wayfinding with the projected arrow (M arrow,projector = 0.82, SD = 0.11); t (23) = 4.5; P < 0.001; see Fig. 6 ).
Effects of navigation device and information type on end-user perceptions
Disorientation. Perceived disorientation (e.g. 'While navigating with the device I always knew where I was.') while navigation was comparably low (M disorientation = 2.27, SD = 0.73, Min = 1.0, Max = 4.0). A 2 × 2 ANOVA with the factors navigation device and information type showed that navigating with the arrow caused higher levels of disorientation when compared with the map (M arrow = 2.58, SD = 0.95, M map = 1.96, SD = 0.79; F (1, 23) = 9.8; P < 0.05, η 2 = 0.30). Disorientation was also lower when walking with the mobile screen than with the projector (M screen = 2.08, SD = 0.76, M projector = 2.46, SD = 0.89; F (1, 23) = 5.1; P < 0.05, η 2 = 0.18). Legibility. After each condition participants were asked to rate the legibility of the navigation information (map and arrow) given on the navigation device (screen and projector) on a sixpoint Likert scale (1 = very good legibility, 6 = very low legibility). In general, the legibility of all navigation aids was rated 'good' (M legibility = 2.12, SD = 0.56, Min = 1.25, Max = 3.5). A 2 × 2 ANOVA with the factors information type and navigation device revealed better legibility ratings for the screen (M screen = 1.44, SD = 0.54) than for the projector (M projector = 2.85, SD = 0.83; F (1, 23) = 67.8; P < 0.001,
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No significant main effect of information type or an interaction was found.
With respect to the visual quality of displayed information, participants had to indicate which factors affected the legibility of the projection. The majority of users (43.5%) reported that changing light conditions interfered the most with the legibility of the projection, followed by patterned floor characteristics (13.0%), a reduced contrast of the projection, the change between different projection surfaces, too dark a floor (each 8.7%) and, finally, too bright a floor (4.3%). Interestingly, 13.0% reported that nothing interfered with the legibility of the projection.
Preferences. Participants had to indicate their preferred navigation aid in the post-experimental questionnaire (forcedchoice-format): The majority (83.3%) chose the map/screen condition, followed by the arrow/screen condition, which was chosen by 16.7%. Both projector conditions (map and arrow) were not chosen at all.
For a more detailed analysis, participants were also asked after each experimental condition to indicate their preference on a six-point Likert scale (1 = very high preference, 6 = very low preference). An ANOVA with the within-factors information type, navigation device and learnability revealed a significantly higher preference for the screen (M screen = 1.61, SD = 0.43) than for the projector (M projector = 1.92, SD = 0.69; F (1, 23) = 5.1; P < 0.05, η 2 = 0.18) and for the map (M map = 1.59, SD = 0.53) in comparison with the arrow mode (M arrow = 1.94, SD = 0.75; F (1, 23) = 5.3; P < 0.05, η 2 = 0.19). The preference ratings for the first and the second route did not differ significantly. Summarizing so far, users preferred the map displayed on the screen the most (M map,screen = 1.44, SD = 0.54), while the projected arrow received the lowest preference ratings (M arrow,projector = 2.08, SD = 0.20; t (23) = −3.2; P < 0.01).
Privacy. As the usage of the navigation projector, i.e. the 'public' projection of navigation information, attracts more (unwanted) attention of others than the usage of conventional navigation devices, we included privacy issues into our analysis. Users were asked to indicate on a six-point Likert scale (1 = high privacy concerns, 6 = low privacy concerns) if they felt uncomfortable due to the fact that others could watch them using a navigation device. Figure 7 shows bystanders watching a participant during a wayfinding task. In general, rather few privacy concerns were reported by the sample (M privacy = 4.73, SD = 1.04, Min = 2.75, Max = 6.0). A 2×2 ANOVA with the factors information type and navigation device yielded higher privacy concerns when using the projector (M projector = 4.39, SD = 1.51) than the screen (M screen = 5.02, SD = 0.83; F (1, 23) = 67.8; P < 0.001, η 2 = 0.72). Satisfaction. Users' satisfaction, which was generally high (M satisfaction = 5.23, SD = 0.52, Min = 3.0, Max = 6.0), was significantly higher when navigating with the mobile screen than with the projector (M screen = 5.39, SD = 0.54, M projector = 5.08, SD = 0.69; F (1, 23) = 5.3; P < 0.05, η 2 = 0.19). Usefulness. Usefulness ratings of navigation devices, which were rather high (M usefulness = 5.19, SD = 0.66, Min = 3.0, Max = 6.0), were significantly influenced by the device type: The usefulness of the mobile screen was perceived to be higher than that of the projector (M screen = 5.33, SD = 0.52, M projector = 5.04, SD = 0.86; F (1, 23) = 59.86; P < 0.01, η 2 = 0.51). The interaction between navigation device and information type indicated that the usefulness of the map on the screen was the highest (M map,screen = 5.42, SD = 0.58; F (1, 23) = 5.3; P < 0.05, η 2 = 0.18). Workload. The usage of the navigation devices imposed a rather low cognitive workload (Fig. 8) . On a scale ranging from 0 to 100 the mean general TLX score in the study was MTLX = 12.02 (SD = 7.36, Min = 1.92, Max = 31.75). However, the overall workload was higher when using the projector (M projector = 13.81, SD = 8.54) in contrast to the screen (M screen = 10.22, SD = 8.38; F (1, 23) = 4.4; P < 0.05, η 2 = 0.16). The highest workload was reported when navigating with the projected arrow (M arrow,projector = 14.48, SD = 9.79); the lowest workload was reported for the map displayed on the screen (M map,screen = 10.06, SD = 9.8; t (23) = 2.1; P < 0.05). Neither a main effect of information type nor an interaction between device type and information type was found. The analysis of the individual components of the TLX scores showed significant effects of the navigation device (Table 2) .
Using the projector was perceived as physically more demanding (F (1, 23) = 6.6; P < 0.05); it required more effort (F (1, 23) = 4.8; P < 0.05, η 2 = 0.22) and led to a higher frustration (F (1, 23) = 8.6; P < 0.01). Users also reported a higher physical demand in the arrow mode than in the map mode (F (1, 23) = 4.7; P < 0.05, η 2 = 0.27). No further main effects or interactions were found for the sub-components of the workload. 
Effects of users' spatial ability on n.s. and perceptions
Navigation performance. To investigate the influence of users' spatial ability on the effectiveness of the navigation aids and information type, the between-factor spatial ability was included into statistical analyses. A 2(navigation aid) × 2(information type) × 2(learnability) × 2(spatial ability) ANOVA with repeated measurement revealed a significant interaction between spatial ability and information type (F (1, 22) = 4.3; P < 0.05, η 2 = 0.16). Especially users with low spatial abilities benefited from the map information given on the navigation device, whereas their PPWS significantly decreased in the arrow mode (M map = 0.90, SD = 0.08; M arrow = 0.83, SD = 0.97; t (11) = 4.1; P < 0.01; see Fig. 9 ).
The PPWS of users with high spatial abilities was not significantly influenced by the information type (M map = 0.86, Preferences. The inclusion of spatial abilities into descriptive preference analyses showed that users with high spatial abilities clearly preferred the map displayed on the screen (91.7%), followed by the arrow displayed on the screen (8.3%, see Fig. 10 ). Even though a higher proportion of users with low spatial abilities chose the arrow displayed on the screen (25%) as their preferred navigation aid, the majority of low spatial users also preferred the map displayed on the screen (75%). Further effects of spatial ability on preferences were not found (see Fig. 10, left) .
Privacy. Privacy concerns when using the navigation aids were also influenced by users' spatial abilities, as the significant effect of the factor spatial ability (F (1, 21) = 4.7; P < 0.05, η 2 = 0.05) and the interaction between navigation device and spatial ability indicated (F (1, 22) = 4.15; P < 0.05, η 2 = 0.16; see Fig. 10 , center). Although privacy concerns were quite low for the whole sample, participants with high spatial abilities reported higher privacy concerns than those with low spatial abilities (note: high values indicate low privacy concerns; M lowspatials = 5.18, SD = 0.95; M highspatials = 4.31, SD = 0.97). Moreover, users with high spatial abilities reported higher privacy concerns when using the projector than the screen (M projector = 4.13, SD = 1.54; M screen = 4.58, SD = 0.97; t (11) = 1.96; P < 0.1). These privacy concerns referred to the aspect that others can see the navigation information as well and therefore know about the route someone wants to take. For participants with low spatial abilities, it made no difference in perceived privacy if the navigation information was presented on the screen or projected on the floor (M screen = 4.83, SD = 1.19; M projector = 4.88, SD = 1.21, n.s.).
Workload. General workload scores did not differ in users with high or low spatial abilities. For the TLX sub-dimension 'perceived performance'-which was measured by the item 'How successful were you in accomplishing what you were asked to do?'-a 2(navigation aid) × 2(information type) × 2(spatial ability) ANOVA with repeated measurement yielded a significant interaction between spatial ability and information type (F (1, 22) = 5.1; P < 0.05, η 2 = 0.18). In Fig. 11  (right) , the interaction is depicted (note: high values indicate a low perceived performance).
For users with low spatial abilities perceived performance was higher in the map mode compared with the arrow mode (M arrow = 18.13, SD = 15.12; M map = 13.13, SD = 14.93; n.s.). For users with high spatial abilities, the opposite pattern was found: Perceived performance was higher in the arrow mode compared with the map mode (M arrow = 10.0, SD = 7.39; M map = 14.79, SD = 12.99; n.s.). In both ability groups t-Tests on perceived performance differences did not show significance, which might be attributed to very high standard deviations of TLX scores.
Legibility, disorientation and trust. Legibility, disorientation and trust ratings were not affected by spatial ability. Thus, users with high and low spatial abilities judged the legibility of the navigation information given on the navigation devices alike and perceived similar (low) levels of disorientation and trust.
Prediction of user satisfaction
To analyze which factors contribute the most to end-user satisfaction when using a specific navigation device, we conducted a set of stepwise multivariate linear regression analyses. Especially for projector usage, we assumed that user perceptions regarding navigation satisfaction were influenced by legibility problems as well as by trust or privacy concerns. Figure 11 . A concept sketch of the smart map, the map zoom level being decided by the distance to the next turning point. Left: when the user is far away from the turn; middle: when the user is approaching the turn; right: when the user arrives at the turn.
By means of the regression analysis, we wanted to find out which factors influence satisfaction at all, and determine the relative predictive power or 'weight' of the contributing factors. For the prediction of navigation satisfaction (as a criterion variable), we entered n.s. and user perceptions (legibility, workload, trust, usefulness, privacy, disorientation) as predictor variables. As changing light conditions were reported as a major interference factor during projector usage, we also included legibility problems due to changing light conditions as a predictor variable into the projector regression analysis. To identify effects of multicollinearity (biases in the regression model caused by high intercorrelations between the predictors), appropriate collinearity diagnosis was carried out.A variance inflation factor (VIF) >5 indicates multicollinearity problems. As all VIFs in our regression analyses were <5, multicollinearity problems can be ruled out.
Prediction of screen satisfaction. The regression model for the prediction of screen satisfaction was statistically significant at α < 0.01%. Adjusted R2 values suggest that trust, perceived disorientation, trust and workload predict 51% of the variance in user satisfaction with the mobile screen; see Table 3 .
Satisfaction with the mobile screen was high when users perceived high trust in navigation information, perceived a low workload and low levels of disorientation. Interestingly, further user perceptions such as privacy concerns, perceived usefulness of the navigation device or n.s. did not significantly affect user satisfaction when navigating using the screen. Prediction of projector satisfaction. Focusing on the endusers' satisfaction after projector usage, the regression model explained 55.4% of variance in their satisfaction with the mobile screen (α < 0.001). Contributing predictors of projector satisfaction were perceived disorientation and n.s. (PPWS); see Table 4 .
This indicates that users who experienced low levels of disorientation during the navigation and achieved a higher n.s. (low walking interference while using the projector), were significantly more satisfied with the projector as a navigation aid. Contrary to expectations, legibility problems due to changing light conditions did not significantly affect user satisfaction after projector usage. Moreover, neither concerns about trust or privacy nor perceived workload were significant predictors of projector satisfaction.
DISCUSSION
In the following, we discuss the effects of the two different navigation aids and information types as well as the impact of the users' spatial ability on wayfinding performance and the users' preferences and perceptions. Furthermore, the implications of our study findings for interface designers and technical developments as well as potential indoor navigation application scenarios are outlined.
The utility of navigation devices: screen vs. projector
The findings of our benchmark evaluation congruently demonstrated that the current projector-based navigation aid prototype was far inferior to the 'conventional' mobile screenbased navigation aid. Compared with the mobile screen as a benchmark, the projector apparently exerted an intrusive effect, which was deduced from the decreased PWS when navigating with the projector. The low utility of the projector as a navigation aid was also perceived by users themselves-they reported a higher workload when using the projector when compared with the mobile screen navigation aid. The analysis of TLX sub-dimensions revealed that users perceived higher physical demands, effort and frustration when using the projector. As currently only early prototypes of pico projectors are available and an early prototype of a projector-based navigation aid, which was bulkier and heavier than the lightweight screenbased navigation device, was used in the study, these reports might be mainly due to the hardware characteristics of the projector. However, as the single navigation routes were rather short and participants had a lot of breaks while answering the post-condition questionnaires, the physical demands of holding the projector could be handled without difficulty. The latter is corroborated by the fact that none of the users specifically complained about the weight or size of the projector. Instead, the predominant complaint referred to suboptimal visual ergonomics, mainly the changing lighting conditions, which reduced the legibility of the projection. Overall, however, it should be noted that both navigation devices imposed quite low workload levels on the users. With respect to the general utility of novel navigation devices, both tested devices seem to be basically suitable for 'real-world' navigation purposes. Future technical research activities should nevertheless focus on smaller, lighter and brighter projector interfaces to (i) remove hardware limitations and (ii) improve usability and convenience of mobile projectors.
Not only in the performance and workload evaluations but also regarding user preferences, the mobile screen was clearly preferred over the projector. This might be explained by the higher familiarity with conventional screen-based navigation aids and 'typical' renunciative reactions toward novel technical systems (Rogers, 2003) . Privacy concerns were identified as another barrier to projector acceptance. Some users were concerned that others could think they would need assistance (which was interpreted as stigmatization, even if it was only using a navigation device). Also, users felt uncomfortable that others could see in which direction they were heading.
One potential way to reduce privacy exposure is projecting the information only when one nears turning points or upon the user's request. Regarding the most effective navigation device for indoor pedestrian navigation, we found a clear answer based on the results of our study: the mobile screen is strongly recommended for indoor navigation purposes.
The effectiveness of navigation information: map vs. arrow
In spatial cognition theories, survey knowledge is regarded as the most elaborate type of spatial knowledge (Goldin and Thorndyke, 1981) . Accordingly, spatial information given in a map is supposed to be the most beneficial for navigation purposes. The findings of our study confirm this assumption: the map, which also provides survey knowledge-at least for the visible display window-was more useful and barely interfered with the normal walking patterns of our participants as opposed to the location-adaptive arrow, which only points into the correct navigation direction. Beyond this, the superiority of the map information was confirmed by the users' preference for this information type. In contrast, navigating with the arrow disrupted normal walking much more and was less preferred by users. Our expectations that users would benefit from the arrow, as they would just have to follow the turn-by-turn instructions, were not fulfilled. Instead, users reported that they felt under control and completely dependent on the arrow because they did not receive information about the following route sequence in advance. Apparently, the current arrow mode provoked a feeling of 'loss of control' in the participants which could be due to the fact that, in the current version, the arrow just changes direction when the user approaches the turning point. It has been shown recently that receiving information ahead of time considerably benefits the n.s. in mobile phone menus . Future studies will have to find out if the perceived utility increases if the arrow condition is amended with some distance information allowing users to anticipate route changes during navigation. Another cautionary note is with regard to the suitability of the arrow for the young and technology-experienced participant group, as examined here.
There might be other user groups that could profit from this kind of simple navigation information. Seniors, for example, usually experience more difficulties (Rau and Wang, 2003) when navigating unfamiliar locations and are easily overwhelmed by processing too much information at a time. In their case, the arrow could be a helpful navigation aid as it gives precise and uncomplicated information. Based on the current findings, we learned that navigation information should provide survey knowledge and advance information about the route and destination. However, we think the arrow is a valuable supplement to map-like navigation information, as its location-adaptive information might facilitate reorientation in case of getting lost or ease turning decisions at junctions with many branches. Future studies, therefore, should focus on an arrow that is sensitive to the distance to the turning point as well as investigate a combination of both information types. For example, an arrow should be able to indicate the distance to the next turn/waypoint by a changing shape (or color). Another possibility could be a 3D route instead of an arrow, i.e. the projection of a virtual route on the floor. The user could also use the projector as a flashlight to reveal the 'invisible' route (Winkler et al., 2011) . Landmarks could be displayed to provide users with more visual hints. For example, depending on the current position of the user, the nearby landmarks could be retrieved from a database and displayed as 2D icons or 3D objects at a position relative to the virtual route in the projected image.
Determinants of users' satisfaction when using navigation devices
The present study also uncovered major influential factors on user satisfaction. The knowledge about the determinants of user satisfaction can be used to guide future R&D activities for indoor navigation system design. Regression analyses revealed that perceived disorientation was an important factor in predicting users'satisfaction for both navigation devices. For the mobile screen, trust and workload were even stronger predictors of user satisfaction. Combining these three determinants of mobile screen, user satisfaction gives a clear message regarding navigation system design: during indoor navigation the user demands reliable, valid and easily understandable navigation information that protects him/her from disorientation and from elevated cognitive effort while decoding, transforming and applying navigation information, and is trustworthy enough to be followed. One way to reduce perceptions of disorientation could be to enrich the map with landmark information. Although users often reported visibility and legibility difficulties, especially when using the projector, we could not detect a statistically meaningful impact on the users' satisfaction. Instead, disorientation and n.s. were identified as key predictors of projector satisfaction. Nevertheless, to reduce legibility problems (especially in daylight conditions), a brighter projector or a miniaturized laser projector should be used in future studies. However, it has to be noted that regression models in this study explain only 51-55% of the users' satisfaction. This indicates that further relevant factors need to be identified which might affect satisfaction after using the navigation devices (Arning et al., 2012) . Interestingly, concerns regarding privacy or trust were not dominant in user perceptions. Especially for projector usage, a higher importance of trust and privacy concerns in the explanation of user satisfaction due to the 'public display' of navigation information (Rogers and Fisk, 2010, Wilkowska and Ziefle et al., 2011) could have been expected. However, concerns regarding privacy and trust in ubiquitous computing environments should not be dropped from the research agenda as they might cause acceptance barriers in other user groups (frail or older users) or application contexts (e.g. emergency situations).
The impact of spatial abilities
As spatial abilities have a strong impact on navigation, we assumed that users' spatial abilities would considerably influence wayfinding performance. Moreover, as users with low spatial abilities usually have higher disorientation problems in navigation (Hegarty et al., 2003 (Hegarty et al., , 2006 Rau and Wang, 2003; Ziefle and Bay, 2006) , we wanted to find out if a specific navigation aid and navigation information type was especially suitable for this user group. Our findings convincingly demonstrated that users with low spatial abilities especially benefit from the map information, regardless of which navigation device is used. Apparently, the map provides adequate spatial information that is needed, successfully processed and applied by users with low spatial abilities. They even reached the performance level of users with high spatial abilities. The design and application of the pedestrian indoor navigation devices sub-study can therefore be regarded a success as navigational performance differences between users of high and low spatial abilities were diminished.
However, in order to estimate the effect of navigation devices and to exclude an 'expertise reversal effect', i.e. negative effects of the navigation devices on the n.s. of high spatial ability users, future studies should include a control group that does not receive navigational support at all. The advantage of the map was also shown by the higher performance after navigating with the map. Therefore, indoor navigation aids for pedestrians should always provide map information that is useful for all users ('design for all'), regardless of their spatial abilities. Interestingly, users with high spatial abilities expressed higher privacy concerns when using the projector. We assume that other factors that are typically associated with high spatial ability, such as higher technical experience or a technical selfefficacy or technical experience (Arning and Ziefle, 2009) , caused privacy concerns. These users might have a higher awareness for data privacy issues or might feel 'stigmatized' when others see them using an assistive device. Future research activities will have to investigate the exact causes of privacy concerns and develop possible countermeasures.
LIMITATIONS OF THE PRESENT STUDY AND DESIDERATA FOR FUTURE RESEARCH
Finally, some limitations of the current approach are described, as are desiderata for future research. Additionally, design implications and application scenarios are outlined that could be pursued in further experimental studies.
Methodological issues
For future evaluation studies of indoor navigation aids, we recommend the examination of a control group without any navigational support, and of longer and more complex routes, the analysis of further n.s. parameters such as navigational success or detouring behavior, an experimental control of illumination (e.g. Taylor and Sokov, 1974) and the assessment of further user factors (such as technical self-efficacy and innovativeness). Moreover, we should note that the young user group examined here might not be representative for the whole group of potential users (frail users and those affected by cognitive aging processes) who could also benefit from this technology. Future studies will therefore have to replicate the findings with older and less technology-experienced persons (Ziefle, 2010) . To evaluate perceived usefulness and satisfaction in 'real' indoor scenarios, the mobile projector should be evaluated, e.g. in an emergency scenario in which ambulance staff needs to be quickly guided to a patient, or in wayfinding situations of older users (when senior users need to find their requested products in a supermarket). The quantitative evaluation of navigation devices should be supplemented by qualitative interviews that could help identify user requirements in further cases of use (e.g. emergency scenario), potential frustration causes and acceptance barriers as well as further predictors of user satisfaction.
Design implications and application scenarios
Navigation devices. According to the users' ratings, the main influences on projection legibility were changing light conditions and the ground texture. In future studies, a smaller, brighter projector interface should be prototyped and evaluated. Additionally, a miniaturized laser projector casting vector graphics that could be strong enough to be visible even in daylight should be designed and utilized. To adapt the projected image contrast to the ground texture, a projector-camera system and image processing techniques should be considered (Fujii et al., 2005; Nayar et al., 2003) .
Navigation information. According to the impact of spatial ability, environment information is beneficial to users of low and high spatial ability. Therefore, such information should always be provided. For example, a 'smart map'can display the map and change the zoom level depending on the distance to the turning point, i.e. when far away from the turn we see an overview of the environment; when approaching the turn we see a zoom-in view focusing on the turning junction; see Fig. 11 .
This combines the advantages of map and arrow, providing an environmental overview in advance and reducing wayfinding complexity at a junction. Another example is a flashlight AR route (Winkler et al., 2011) in which a 3D route is generated from waypoints and rendered onto the floor (like invisible route signs printed on the ground). The users find and follow the route using a virtual flashlight, the mobile device; see Fig. 12 .
Environment information such as POIs and landmarks can be rendered in an AR manner, which can enrich the navigational information (Downs and Stea, 2011; Lynch, 1960; Werner et al., 1997) .
To ensure the users' wayfinding privacy, audio or haptic notification could be used to inform them when to project the navigation information, e.g. the projection is off when the user is far away from the next turning point. Only when approaching the turning point, the projection will show and the user will be notified to look at the projected information.
Application scenarios. In the presented study, we only evaluated a general indoor navigation scenario, which was a handheld navigator designed for a single user. A mobile projector, however, could also be mounted on the user's body (Tajimi et al., 2010) as a wearable device, which frees the user's hands for other activities, e.g. carrying equipment while navigating. A possible application scenario for a wearable projector-based navigation device is an emergency scenario in which the paramedic receives navigational support while finding his/her way to a patient in a building. As paramedic staff usually do not have a free hand to hold an indoor navigation device while carrying their equipment (e.g. medical kit, cardiac monitor, stretchers and boards), a projector could be attached to their belt or uniform. We assume that our existing research experience of indoor navigation cannot be easily transferred to an emergency scenario as it is affected by further influential factors, such as time pressure in a highly dynamic situation, motion (running or climbing stairs; e.g. Vilar et al., 2013) . Another possible scenario is wayfinding in group navigation, i.e. output route and environment information via a mobile projector and share it among a group of visitors, e.g. in a museum (Wecker et al., 2011) .
